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Cellular/Molecular

HMGB1 Acts on Microglia Macl to Mediate Chronic
Neuroinflammation That Drives Progressive
Neurodegeneration

Hui-Ming Gao, Hui Zhou, Feng Zhang, Belinda C. Wilson, Wayneho Kam, and Jau-Shyong Hong
Laboratory of Toxicology and Pharmacology, National Institute of Environmental Health Sciences/National Institutes of Health, Research Triangle Park,
North Carolina 27709

What drives the gradual degeneration of dopamine neurons in Parkinson’s disease (PD), the second most common neurodegenerative
disease, remains elusive. Here, we demonstrated, for the first time, that persistent neuroinflammation was indispensible for such a
neurodegenerative process. 1-Methyl-4-phenylpyridinium, lipopolysaccharide (LPS), and rotenone, three toxins often used to create PD
models, produced acute but nonprogressive neurotoxicity in neuron-enriched cultures. In the presence of microglia (brain immune
cells), these toxins induced progressive dopaminergic neurodegeneration. More importantly, such neurodegeneration was prevented by
removing activated microglia. Collectively, chronic neuroinflammation may be a driving force of progressive dopaminergic neurodegen-
eration. Conversely, ongoing neurodegeneration sustained microglial activation. Microglial activation persisted only in the presence of
neuronal damage in LPS-treated neuron- glia cultures but not in LPS-treated mixed-glia cultures. Thus, activated microglia and damaged
neurons formed a vicious cycle mediating chronic, progressive neurodegeneration. Mechanistic studies indicated that HMGBI (high-
mobility group box 1), released from inflamed microglia and/or degenerating neurons, bound to microglial Macl (macrophage antigen
complex 1) and activated nuclear factor-«B pathway and NADPH oxidase to stimulate production of multiple inflammatory and neuro-
toxic factors. The treatment of microglia with HMGB1 led to membrane translocation of p47°"** (a cytosolic subunit of NADPH oxidase)
and consequent superoxide release, which required the presence of Macl. Neutralization of HMGB1 and genetic ablation of Macl and
gp91P"°* (the catalytic submit of NADPH oxidase) blocked the progressive neurodegeneration. Our findings indicated that HMGB1-
Mac1-NADPH oxidase signaling axis bridged chronic neuroinflammation and progressive dopaminergic neurodegeneration, thus iden-

tifying a mechanistic basis for chronic PD progression.

Introduction

Gradual, irreversible loss of dopamine (DA) neurons in the substan-
tia nigra (SN) is the signature lesion of Parkinson’s disease (PD).
When 50-60% of nigral DA neurons are lost, clinical symptoms of
PD become apparent. PD progresses insidiously for 5-7 years (pre-
clinical period) and then continues to worsen even under the symp-
tomatic treatment. The formation of a-synuclein-containing Lewy
body, the pathological hallmark of PD, in grafted fetal mesence-
phalic neurons in PD patients strongly suggests the existence of a
driving mechanism by which PD gradually progresses and even
propagates from host to transplanted cells (Kordower et al., 2008; Li
etal.,2008; Mendez etal., 2008). Unfortunately, little is known about
what drives PD to unstoppable progression. As a result, no proven
clinical therapeutics is now available to retard PD progression.
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Therefore, to discern mechanism(s) responsible for PD progressivity
is urgent and of paramount importance.

Multiple pathological events, including oxidative stress, mito-
chondrial dysfunction, excitatory toxicity, and protein aggrega-
tion, are implicated in the pathogenesis of PD (McNaught and
Olanow, 2006; Martinez-Vicente et al., 2008; Zhou et al., 2008).
Recently, the inflammatory mechanism in PD and other neuro-
degenerative diseases is becoming increasingly recognized
(McGeer et al., 1988; Kreutzberg, 1996; Gao and Hong, 2008;
Monahan et al., 2008; Hirsch and Hunot, 2009; Przedborski,
2010). DNA polymorphisms of several inflammatory cytokines
might become risk factors for PD (Wahner et al., 2007). The SN
of PD patients and animal models revealed activated microglia
and accumulation of inflammatory mediators (McGeer et al.,
2003, Block et al., 2007). Moreover, suppression of inflammation
correlates with less neuronal impairment in various PD models
(Du et al., 2001; Gao et al., 2003b; Zhang et al., 2010). Recently
developed in vivo models by our group indicated that chronic
neuroinflammation was able to induce delayed and progressive
DA degeneration (Gao et al., 2002b; Qin et al., 2007). Taking
advantage of multiple in vitro PD models created by one inflam-
mogen and two neurotoxins, we now further investigate whether,
unlike other PD pathologic contributors, excessive chronic neu-
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roinflammation is a major driving force of chronic PD neurode-
generation. We also examine cellular and molecular mechanisms
by which initial neuronal damages are transformed into chronic
progressive neurodegeneration and chronic neuroinflammation
is maintained in PD.

High-mobility group box 1 (HMGB1), a non-histone DNA-
binding protein, modulates interactions of various transcription
factors with DNA in nuclei. It is of special interest that HMGB1
can be actively secreted from inflammatory cells or passively re-
leased from necrotic cells to initiate inflammatory responses
(Lotze and Tracey, 2005). Although extracellular cytokine-like
effects of HMGB1 have been increasingly appreciated in recent
years, the very limited publications regarding its effects on neu-
ron survival/death were mostly conducted in acute or subacute
experimental settings. In the present study, we pinpointed
HMGBI as a main mediator bridging persistent neuroinflamma-
tion and chronic, progressive neurodegeneration.

Materials and Methods

Primary neuronal and glial cultures. Mesencephalic neuron—glia or neuron-
enriched cultures were prepared from the ventral mesencephalon of embry-
onic day 14 + 0.5 Fischer 334 rats, B6.129S4—Itgam "™™4/] (Mac1 /")
mice, B6.129S6—-Cybb "™ !P/] ( gp91”HOX~/~ NADPH oxidase-deficient)
mice, or wild-type (C57BL/6]) mice. Both neuron—glia and neuron-
enriched cultures were maintained in MEM supplemented with 10% heat-
inactivated fetal bovine serum (FBS) and 10% heat-inactivated horse serum
(HS), 1 g/L glucose, 2 mm L-glutamine, 1 mm sodium pyruvate, and 0.1 mm
nonessential amino acids. For neuron-enriched cultures, 2 d after initial
seeding, cytosine B-p-arabinofuranoside (8 um) was added into the cultures
to suppress the proliferation of glia. Seven-day-old cultures were treated with
vehicle or desirable reagents in treatment medium (MEM containing 2%
FBS, 2% HS, 2 mMm L-glutamine, and 1 mm sodium pyruvate). At the time of
treatment, the neuron—glia cultures were made up of ~12% microglia, 49%
astrocytes, and 39% neurons of which 2.5-3.5% were tyrosine hy-
droxylase (TH)-immunoreactive (IR) neurons; the neuron-enriched
cultures consisted of 4% astrocytes, <0.1% microglia, and 96% neu-
rons of which 3.0-3.8% were TH-IR neurons. In either neuron-
enriched cultures or neuron—glia cultures, the cell composition was
not different among different genotypes (Gao et al., 2002a).

Mixed-glia cultures were prepared from whole brains of postnatal day
1 rats. Disassociated brain cells were seeded onto 24-well (4 X 10°/well)
culture plates and maintained in 1 ml/well DMEM/F-12 supplemented
with 10% FBS, 2 mm L-glutamine, 1 mm sodium pyruvate, and 0.1 mm
nonessential amino acids. The medium was changed every 3 d. When
reaching confluence at 11-12 d after plating, the cultures contained
~80% glial fibrillary acidic protein-IR astrocytes and ~20% ionized
calcium binding adapter molecule 1 (Ibal)-IR microglia and were used
for treatment. Microglia-enriched cultures were prepared from whole
brains of 1-d-old rodents following a previous protocol. Microglia were
isolated by shaking the flasks containing confluent mixed-glia cultures
for 3 h at 150 rpm (Gao et al., 2002b).

Reconstituted cell cultures. Two different types of reconstituted cultures
containing microglia and neurons were prepared: enriched microglia
were either directly plated on top of the existing neuron-enriched cul-
tures (Gao et al., 2003a) or plated into transwells placed above the neuron
layer. Briefly, midbrain neuron-enriched cultures were first prepared in
regular 24-well culture plates. Six days after the initial seeding, the cul-
tures were changed to fresh neuron—glia treatment medium. Transwells
(HTS 24-well multiwell insert systems, 1.0 wm pore size, polyethylene
terephthalate membrane) were inserted into the culture plates. Then
highly enriched microglia (5 X 10*/well) were added to the transwells.
One day later, the reconstituted cultures were treated with lipopolysac-
charide (LPS) or vehicle. The transwells were removed 24 h after the
treatment, and the culture media were either kept or changed to fresh
treatment medium. The removed transwells with treated microglia were
then put into parallel plates containing neuron-enriched cultures. In
another treatment group, the transwells were kept in the cultures until
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Figure 1. Progressive DA neurodegeneration depended on the presence of microglia. 4, Time

course dependence for the effect of LPS, MPP *, and rotenone on DA uptake capacity in the mesen-
cephalic neuron—glia cultures but not in the neuron-enriched cultures. Cultures were treated with
vehicle, 10 ng/ml LPS, 0.5 um MPP ", or 10 nu rotenone for 2—8 d and then assayed for [*HIDA
uptake. After 2,4, 6,and 8 d posttreatment, the amount of DA uptake in vehicle-treated neuron— glia
cultures was 0.79 == 0.14,0.81 == 0.04,0.690 == 0.10, and 0.60 == 0.06 pmol/min per well, respec-
tively; in vehicle-treated neuron-enriched cultures, it was 0.88 = 0.06, 0.86 = 0.15, 0.82 = 0.10,
and 0.79 = 0.11 pmol/min per well, respectively. B, Treatment of neuron-enriched cultures with a
high dose of rotenone (25 nu) caused a quick and dramatic, but nonprogressive, reduction in DA
uptake. G, D, Removal of activated microglia rescued DA neurons from progressive degeneration. The
neuron-enriched cultures (N) and reconstituted cultures (N + M) containing microglia (5 X 10*
microglia/well) in transwells and enriched neuron layer underneath were treated with vehicle or 10
ng/mlLPS for 24 h. The transwells with treated microglia were then removed from the original culture
plates (N + M — M) and put into sister culture plates with existing neuron-enriched cultures (N +
treated M). The survival of DA neurons was assessed by [ 3HIDA uptakeimmediately (D) or6d later (C).
The results are expressed as a percentage of the time-matched control cultures and are the mean =+
SEM of three to four experiments performedintriplicate. *p << 0.05 compared with the time-matched
vehicle-treated controls (4, B) or the corresponding vehicle-treated controls (€, D). p << 0.05 was
considered statistically significant. Rot, Rotenone; M, microglia; N + M — M + W, wash the neuron
layer after the removal of transwells; N.S., not significant.
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Figure 2.  Effects of washout of LPS/MPP * and released inflammatory/neurotoxic factors on DA neurodegeneration. 4, D, At
specified time points, the culture media were completely aspirated and the neuron— glia cultures were washed twice and replen-
ished with fresh treatment media. DA neuron survival was determined with [ *H]DA uptake assay (4) or quantification of TH-IR
neurons (D) 7 d after the initial treatment. Compared with time-matched controls, LPS-treated cultures showed significant
neuronal damage even after the wash. B, There was no significant reduction in [ *H]DA uptake within 48 h after LPS treatment of
neuron—glia cultures with 10 ng/ml LPS. C, Representative images from three experiments confirmed the neuronal loss and
dendrite degeneration of DA neurons even after drug washout and inflammatory factor withdrawal at different time points. E,
Neuron— glia cultures were treated with vehicle or 0.5 uum MPP . Two days after the treatment, the cells were washed twice and
refed with fresh treatment media. DA uptake assay was performed 2 or 7 d after the initial treatment. Notably, the drug washout
at2dafter MPP * treatment could not stop DA neurons from additional degeneration. Results are expressed as a percentage of the
time-matched controls and are the mean = SEM of four experiments performed in triplicate. *p << 0.05 compared with the
time-matched vehicle-treated controls. *p << 0.05 compared with the LPS-treated cultures without wash. p << 0.05 was consid-
ered statistically significant. N.S., Not significant.

uptake assay. Seven days after LPS/vehicle treatment, the degeneration of
DA neurons was assessed by [ *H|DA uptake.

High-affinity [°H]dopamine uptake assay. Uptake assays were deter-
mined by incubation of cultures for 15 min at 37°C with 1 um [*H]DA
(30 Ci/mmol; NEN) as described previously (Gao et al., 2002b). Nonspe-
cific uptake was determined in the presence of 10 uM mazindol.
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[PH]LPS binding and internalization assay.
Rat mesencephalic neuron—glia cultures were
incubated with treatment media containing
0.01 uCi [*H]LPS (10 ng/ml) for 24 h at 37 or
4°C. Afterward, the medium was removed and
cells were washed twice with fresh treatment
media. Cells were then lysed with 250 ul of 1IN
NaOH. The removed culture media, the first
and second washing media, and cell lysate were
counted for radioactivity.

Measurement of superoxide, nitric oxide, and
cytokines. The production of superoxide was
determined by measuring the superoxide dis-
mutase (SOD)-inhibitable reduction of tetra-
zolium salt, WST-1, as described previously
with modifications. Seven-day-old mesence-
phalic neuron—glia cultures grown in 96-well
plates were treated with LPS or vehicle in 150
wl of phenol red-free treatment medium. At 30
min or 0.5-5 d after the treatment, 50 ul of
WST-1 (1 mm) in treatment medium with and
without 800 U/ml SOD was added. The cul-
tures were incubated for 20 min at 37°C. The
absorbance at 450 nm was read with a Spectra-
Max Plus microplate spectrophotometer (Mo-
lecular Devices). The production of nitric
oxide (NO) was determined using Griess re-
agent. The levels of tumor necrosis factor-a
(TNF-a@) and interleukin-183 (IL-18) in the
culture medium were measured with commer-
cial ELISA kits from R & D Systems.

Immunostaining and cell counting. Immuno-
staining was performed as described previously
(Gao et al., 2002b) with antibodies specific for
TH (a gift from Dr. John Reinhard, Glaxo-
SmithKline, Research Triangle Park, NC) or
F4/80 (Serotec). Images were recorded with a
CCD camera and the MetaMorph software
(Molecular Devices). For visual enumeration
of the immunostained cells, images from 10
representative areas per well were taken, and
the TH-IR neurons were counted. For each ex-
periment, three to four wells per treatment
condition were used, and results from three to
four independent experiments were obtained.

Gel electrophoresis and Western blotting
analysis. The protein extracts from cultured
cells were homogenized in radioimmunopre-
cipitation assay (RIPA) lysis buffer (50 mm
Tris-HCI, pH 8.0, 150 mm NaCl, 5 mm EDTA,
1% NP-40, 0.5% sodium deoxycholate, 0.1%
SDS, and 1:100 protease inhibitor cocktail),
sonicated, and heated to 100°C for 10 min.
Protein concentrations were determined using
the biocinchoninic acid assay (Pierce). Protein
samples were resolved on 4-12% SDS-PAGE
gels, and immunoblot analyses were per-
formed using antibodies against Ibal (1:2500;
Wako Pure Chemicals), inducible nitric oxide
synthase (iNOS) (1:1000; BD Biosciences),
HMGBL1 (1:2000; Abcam), macrophage anti-
gen complex 1 (Macl) (1:1000; Abcam), or
gp91PP* (1:2000; BD Biosciences). An anti-
body against B-actin (1:5000; Cell Signaling

Technology) was included as an internal standard to monitor loading errors.

Immunoprecipitation. Primary microglia (2-5 X 10°) were treated
with 500 ng/ml HMGBI or vehicle at 4°C for 2 h or 37°C for 15 min,
followed by three washes with ice-cold PBS. Cell lysates were prepared in
TNE buffer (10 mm Tris-HCl at pH 7.5, 1% Nonidet P-40, 0.15 M NaCl, 1 mm
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EDTA, and 1:100 protease inhibitor cocktail) and
centrifuged at 17,400 X g for 20 min at 4°C. The
supernatant was preincubated with protein A-
Sepharose beads (GE Healthcare) for 2 h at 4°C
and centrifuged. After this preclear process, the
supernatant was incubated at 4°C with anti-
HMGBI antibody (2 ug; Abcam) or anti-Macl
antibody (2.5 ug; Abcam) overnight and with
protein A-Sepharose slurry for 2 h. Protein A
beads were collected by centrifugation at 2000 X
g for 5 min and were washed six times with TNE
buffer. Bound proteins were eluted in sample
bulffer, separated on 4—12% SDS-PAGE gels, and
blotted with anti-Macl and anti-HMGB1
antibodies.

Membrane fractionation. Macl '~ and wild-
type mouse microglia were lysed in hypotonic
lysis buffer (1 mm EGTA, 1 mm EDTA, 10 mm C
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pellets were suspended in buffer A (10 mm
HEPES at pH 8, 1.5 mm MgCl,, 10 mm KCl, 1 mm
dithiothreitol, and 1 mm PMSF) and incubated
on ice for 15 min. Cells were then homogenized
with a loose-fitting Dounce homogenizer (pestle
B), and the lysis completion was monitored by
trypan blue staining. The homogenate was cen-
trifuged at 3000 X g for 15 min. The supernatant
was then centrifuged for 60 min at 100,000 X g.
The resultant supernatant was used as cytosolic
fraction. The recovered nuclei were washed twice
with buffer B (60 mm NaCl, 10 mm HEPES at pH
8.0,25% glycerol, 0.1 mm EDTA, 1 mm dithiothreitol, and 1 mm PMSF). The
washed nuclear pellets were extracted with buffer C (20 mm HEPES, 25%
glycerol, 0.42 M NaCl, 1.5 mm MgCl, 0.2 mm EDTA, 1 mum dithiothreitol, and
1 mm PMSF). The nuclear suspension was centrifuged at 25,000 X g for 30
min, and the supernatant was collected as nuclear fraction.

Statistical analysis. All values are expressed as the mean = SEM. Dif-
ferences among means were analyzed using one- or two-way ANOVA
with treatment as the independent factors. When ANOVA showed sig-
nificant differences, pairwise comparisons between means were tested by
Newman—Keuls post hoc testing. In all analyses, the null hypothesis was
rejected at the 0.05 level.

Results

Microglia were required for progressive

DA neurodegeneration

A great amount of evidence indicates that overactivation of micro-
glia is an important contributor to the demise of DA neurons in PD.

Figure 3.

Long-lasting secretion of superoxide and NO from activated microglia in mediating progressive DA neurodegenera-
tion. 4, B, Continuing release of superoxide and nitrite (an indicator of NO production) in midbrain neuron— glia cultures after LPS
treatment. The release of superoxide was measured as SOD-inhibitable WST-1 reduction. *p << 0.05 compared with the time-
matched control cultures. C, D, Persistent upregulation of gp91°"* and iNOS was observed after the neuron— glia cultures were
treated with LPS. The ratios of densitometry values of gp91P"® and iNOS to those of j3-actin were analyzed and averaged from
three experiments. E, F, NADPH oxidase inhibitors apocynin or DPI and iNOS inhibitor 1400W protected DA neurons against
LPS-mediated chronic neurodegeneration, when neuron— glia cultures were pretreated for 30 min, or posttreated at 48 h. Here, DA
uptake was conducted 7 d after initial LPS treatment. *p << 0.05 compared with the corresponding LPS-treated cultures. Results
shown above are the mean = SEM of three to four experiments performed in triplicate. NS, Normal saline.

To address whether microglial activation is indispensable for the
progressive neuronal loss in PD, we first compared the survival of
DA neurons in the presence or absence of microglia after the
cultures were stimulated with three “PD-producing toxins.”
Inflammogen LPS was used to initiate direct immunologic
insults and consequent neurodegeneration. Neurotoxin 1-methyl-
4-phenylpyridinium (MPP ™) was used to trigger direct neuronal
lesions and to induce a secondary microglial reaction (Gao et al.,
2003a). MPP ™" is a toxic metabolite of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) that causes parkinsonism in both human
and nonhuman primates (Langston etal., 1999; McGeer et al., 2003).
Rotenone, a common pesticide, reproduces parkinsonism when
chronically administered to rodents (Betarbet et al., 2000); mecha-
nistically, both impairment of neuronal mitochondrial complex I
and activation of microglia participate in rotenone-induced destruc-
tion of DA neurons (Betarbet et al., 2000; Gao et al., 2002a).
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We found that, in neuron—glia cultures that contain neurons,
astroglia, and microglia, all three toxins induced progressive de-
generation of DA neurons, as indicated by time-dependent de-
creases in [*H]|DA uptake after the treatment. In contrast, in
neuron-enriched cultures, MPP * (0.5 uMm) and rotenone (25 nm)
caused acute but nonprogressive neurotoxicity (Fig. 1 A, B). Spe-
cifically, MPP * (0.5 uM) induced a 25 and 45% reduction in DA
uptake after 2 and 4 d treatment, respectively; the neurotoxicity
failed to progress further after prolonged treatment (Fig. 1A).
Similarly, treatment of neuron-enriched cultures with a high
dose of rotenone (25 nM) caused a quick and dramatic, but non-
progressive, neurotoxicity as shown by a 60% reduction in DA
uptake 1 d after the treatment (Fig. 1B). Rotenone at 10 nM
concentration did not show neurotoxicity in neuron-enriched
cultures, which otherwise was toxic to DA neurons in neuron—
glia cultures, indicating the presence of microglia enhanced rote-
none neurotoxicity. These data together indicate that activated
microglia were required for chronic, progressive neurodegenera-
tion, regardless the nature of initial insults (inflammogen or
neurotoxin).

Withdrawal of activated microglia prevented DA neurons
from progressive degeneration

To more rigorously evaluate the dependence of progressive DA
neurodegeneration on microglial activation, we generated recon-
stituted cell cultures using transwells and separated activated mi-
croglia from neurons after the cultures were treated with LPS for
24 h. Although there was no physical contact between neurons
and microglia in these reconstituted cultures, secreted soluble
factors could move across the transwell membranes. As shown in
Figure 1C, the treatment of neuron-enriched cultures with LPS
for 7 d did not reduce DA uptake, which indicates no microglia
contamination in neuronal layer of these reconstituted cultures.
In the presence of microglia in the transwells, LPS treatment for
7 d decreased the DA uptake capacity by 50%. Removal of acti-
vated microglia 24 h after LPS treatment significantly attenuated
DA neurodegeneration observed 7 d after LPS addition. With-
drawal of activated microglia and washout of their secreted in-
flammatory factors completely abrogated LPS neurotoxicity.
Moreover, the reduction in DA uptake in neuron-enriched cul-
tures supplemented with activated microglia implies that acti-
vated microglia in certain degrees could continue to release some
neurotoxic factors leading to neuronal damage. The amount of
DA uptake in reconstituted cultures treated for 24 h with vehicle
and LPS (10 ng/ml LPS) was 100 = 1.4 and 98 = 3.2%, respec-
tively (Fig. 1D), which suggests no preexisting neuron demise
before the removal of activated microglia. These findings further
support the essential role of persistent activation of microglia for
progressive neurodegeneration.

The continued presence of initial triggers was not necessary
for progressive neurodegeneration

The contemporary presence of activated microglia and active
neurodegeneration in the SN of MPTP-intoxicated patients and
monkeys long after clearance of MPTP (Langston et al., 1999;
McGeer et al., 2003) implies a continuous crosstalk between mi-
croglia and injured neurons during PD progression. However,
these in vivo observations cannot determine whether activated
microglia are protective, detrimental, or inconsequential during
chronic neurodegeneration. We hypothesized that sustained
microglial activation (neuroinflammation) drove progressive
neurodegeneration, in which persistent existence of initial trig-
gers was not required. We herein examined how the washout of
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Figure 4.  Ongoing neurodegeneration sustained microglial activation. A-C, The neuron—
glia cultures (A, €) and mixed-glia cultures (B, €) were treated with normal saline (NS), 0.5 um
MPP *, or 10 ng/ml LPS for different periods of time and were lysed in RIPA buffer. Cell lysates
were size fractionated by 4-12% SDS-PAGE gels and probed by Western blot for Iba1 or
B-actin. C, The ratios of densitometry values of Iba1and B-actin in A and B were analyzed and
normalized to each responsive control. Quantification of TH-IR neurons in LPS-treated neuron—
glia cultures revealed time-dependent loss of DA neurons. The long-term upregulation of Iba-1
positively correlated with the neuronal death. The results are the mean == SEM of three exper-
iments performed in triplicate. *p << 0.05 compared with the corresponding saline-treated
controls.

LPS and MPP ™ from the cell cultures affected DA neurodegen-
eration. [ "H]LPS binding and internalization assay indicated that
~90% of LPS remained in the culture media after the neuron—
glia cultures were incubated with 10 ng/ml LPS for 24 h at 37°C.
The remaining 10% of LPS either bound to the cell surface of glia
(which accounts for ~39%, as indicated by the binding assay con-
ducted at 4°C) or was internalized into glial cells. It is generally
agreed that LPS internalization by phagocytes serves to sequester
LPS and to limit its interactions with cells.

At 2-24 h after LPS treatment, unbound LPS and released
inflammatory factors from activated microglia were removed by
washing the neuron—glia cultures. Whereas the wash at 2 or 6 h
attenuated neurotoxicity detected 7 d after LPS treatment, the
wash at 12 or 24 h did not alter DA neurodegeneration (Fig.
2A--C). The treatment with 10 ng/ml LPS for 12 or 24 h in sister
culture plates did not cause overt neurotoxicity (Fig. 2 D), indi-
cating no existing neuronal loss before the drug washout. Thus, it
is conceivable that, once LPS-induced activation of microglia
reaches a certain threshold, an activated inflammatory cascade
may become propagated even after drug washout and can further
damage neurons. Likewise, 2 d after MPP * treatment, the wash
of neuron-glia cultures could not stop DA neurons from addi-
tional degeneration (Fig. 2E). These data, combined with our in
vivo experimental observation that mice developed delayed and
progressive nigral DA neurodegeneration long after clearance of
LPS (Qin et al., 2007), imply that neurodegeneration could
progress independently of a continuing presence of initial trig-
gers (e.g., LPS and MPP ).
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Sustained secretion of inflammatory
factors was required for microglial
activation-mediated chronic
degeneration of DA neurons

As shown in Figure 1B, the withdrawal of
both activated microglia and their secreted
inflammatory/toxic factors 24 h after LPS
treatment provided more protection to DA
neurons than the removal of activated mi-
croglia alone did. This finding supports an
important role of secreted inflammatory
factors in microglia-mediated neurodegen-
eration. Continuing release of superoxide
and NO in neuron—glia cultures treated
with LPS (Fig. 3 A, B) or MPP */MPTP (Gao
et al., 2003a) as well as long-lasting upregu-
lation of gp91P"* (the catalytic subunit of
NADPH oxidase) and iNOS reveal an
important role of oxidative damage in
persistent inflammation and chronic neu-
rodegeneration (Fig. 3C,D). Moreover,
abatement of the production of superoxide
and NO in neuron—glia cultures greatly
mitigated DA neurodegeneration when di-
phenyleneiodonium (DPI) and apocynin
(NADPH oxidase inhibitors) and 1400W
(an iNOS inhibitor) were given 30 min be-
fore and even 48 h after LPS exposure (Fig.
3E,F). Accordingly, the continued release
of NADPH oxidase-derived superoxide and
iNOS-derived NO from activated microglia
played a pivotal role in inflammation-medi-
ated progressive DA neurodegeneration.

The interdependency of prolonged
microglial activation and chronic,
progressive neurodegeneration

Given the requirement of microglial acti-
vation for progressive DA neurodegen-
eration (Fig. 1), itis crucial to address how
the activation of microglia is maintained.
A long-lasting upregulation of Ibal and
gradual DA neurodegeneration in neu-
ron—glia cultures treated with MPP * for
3-7 d or LPS for 1-7 d indicate chronic
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Figure5. HMGB1mediated persistent crosstalk between activated microglia and degenerating neurons. A, B, The neuron— glia
cultures (A) and mixed-glia cultures (B) were treated with normal saline (NS), 10 ng/ml LPS, 10 nmrotenone, or 0.5 um MPP . The
culture media were collected at indicated time points and concentrated with Amicon Centricon filtration at 4°C. Cell lysates and
concentrated media were subjected to Western blot analysis with antibody against 3-actin or HMGB1. All Western blot results are
representative of two to three experiments. €, D, The neuron— glia cultures were treated with vehicle, 400 or 500 ng/ml endotoxin-
free recombinant HMGB1 protein. Seven days after the treatment, HMGB1 induced a dose-dependent reduction in DA uptake (C).
Representative images confirmed the neuronal loss and dendrite degeneration of DA neurons after HWGB1 treatment (D). E, F,
Neutralization of HMGB1 rescued DA neurons from chronic degeneration. During or 48 h after the addition of 10 ng/mlILPS, 0.5 um
MPP *, or 10 nm rotenone, neuron—glia cultures were treated with rabbit IgG isotype antibody or anti-HMGB1 antibody. Seven
days after the initial treatment, cultures were assayed for DA uptake () and cell count of TH-IR neurons (F). The results are the
mean * SEM of three to four experiments performed in triplicate. *p << 0.05 compared with the corresponding LPS-, MPP -, or
rotenone-treated cultures. C, Control; L, LPS; R, rotenone; M, MPP .

microglial activation during neurodegen-

eration (Fig. 4A,C). The upregulation of Ibal in mixed-glia
cultures containing astroglia and microglia peaked at 2 d after
LPS treatment and then gradually returned to control level at
approximately day 5 (Fig. 4B, C). The long-term activation of
microglia during neurodegeneration was also supported by
the persistent secretion of inflammatory/neurotoxic factors
and the upregulation of iNOS and gp91P"* (Fig. 3). These
results not only confirm the existence of sustained microglial
activation during progressive neurodegeneration but also sug-
gest that ongoing neuronal damage was essential for maintain-
ing chronic neuroinflammation.

HMGBI bridged persistent neuroinflammation and

chronic neurodegeneration

An array of noxious self-compounds released into the extracellu-
lar milieu by injured neurons can induce microglial activation
(reactive microgliosis). As introduced earlier, HMGB1 can be

passively released from necrotic cells or actively secreted from
inflammatory cells to initiate inflammatory responses. We next
examine how extracellular cytokine-like effects of HMGBI af-
fected chronic and progressive dopaminergic neurodegenera-
tion, which has not been studied before. As seen in Figure 5A,
HMGBI was recovered in culture media after the neuron—glia
cultures were treated with LPS, MPP *, or rotenone for 24-96 h.
The potential source of such HMGBIl—activated microglia
and/or dying/dead neurons— could vary depending on the toxin
and the time of measurement.

In LPS-treated mixed-glia cultures, the release of HMGB1 was
detectable at 6 h, reached peak levels at 24 h, and was untraceable
at 96 h by Western blotting analysis (Fig. 5B). The long-lasting
release of HMGBI in treated neuron—glia cultures, but not
mixed-glia cultures, prompts us to reason that HMGBI1 could be
an important mediator derived from degenerating neurons to
maintain prolonged inflammation and to subsequently induce
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chronic neurodegeneration. In support of this hypothesis,
endotoxin-free recombinant HMGB1 protein (400 ng/ml)
caused chronic dopaminergic neurodegeneration in neuron—glia
cultures (Fig. 5C,D). Furthermore, anti-HMGBI1 neutralizing an-
tibody attenuated dopaminergic neurodegeneration, when given
simultaneously with or 48 h after MPP ™, rotenone, or LPS (Fig.
5E,F). In addition, after stimulation with HMGBI1 for 24-96 h,
microglia exhibited larger cell bodies, irregular shape, and in-
creased immunoreactivity to OX-42 antibody, which indicated
microglial activation (Fig. 6A). HMGBI also stimulated micro-
glia to release inflammatory and neurotoxic factors, including
TNF-a, IL-1B, and NO (Fig. 6 B-D).

Interaction between HMGB1 and microglial

Macl in mediating chronic inflammation

and progressive neurodegeneration

HMGBI has been reported to signal through multi-ligand recep-
tors, including RAGE (receptor for advanced glycation end prod-
ucts), toll-like receptor 2 (TLR2), and TLR4 in mediating
inflammatory reactions. The structural conformation of HMGB1
allows it to function as a damage-associated molecular pattern
molecule (DAMP) (Seong and Matzinger, 2004). DAMPs trigger
pattern recognition receptors (PRRs) and signal to the immune
system of tissue injury to elicit a noninfectious inflammatory
response (Dumitriu et al., 2005; Tian et al., 2009). Mac1 belongs
to the B2 integrin family and also functions as a PRR (Fan and
Edgington, 1993; Ross and Vétvicka, 1993; Ross, 2000). We there-

1 mAc1+ 6 -

HMGB1 activated microglia and the deficiency in microglial MacT attenuated HMGB1-mediated release of inflamma-
tory mediators. A, Neuron—glia cultures were treated for 1—4 d with the vehicle or 400 ng/ml HMGB1 and then were immuno-
stained with the 0X-42 antibody. In control cultures, 0X-42-IR microglia were small and round. After stimulation with HMGB1,
microglia revealed increased immunoreactivity and became larger in size and irregular in shape, indicative of activation. B-D,
Neuron~—glia cultures prepared from wild-type or Mac? "~ mice were treated with vehicle or 400 ng/ml HMGB1 for 12 or 24 h.
Levels of TNF-cx (B), IL-1[3 (24 h) (€), and nitrite (an indicator of NO production, 24 h) (D) in the culture medium were measured.
Results are means == SEM of three experiments performed in triplicate. *p << 0.05 compared with the corresponding vehicle-
treated control cultures. *p << 0.05 compared with the corresponding HMGB1-treated wild-type cultures.
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fore proposed that HM GBI interacts with
microglial Macl and thereby mediates
chronic neuroinflammation and progres-
/ sive neurodegeneration.
% To test this hypothesis, various primary
z 7 cell cultures were generated from Macl-
; deficient mice. During HMGBI stimula-
% tion, Macl~/~ microglia produced much
- less TNF-a, IL-183, and NO (Fig. 6 B-D).
75 Macl deficiency also alleviated HMGBI1-
’ mediated chronic neurodegeneration, as
shown by the attenuated dendrite degener-
ation as well as less reduction in DA uptake
and in the number of TH-IR neurons in
Macl™’~ neuron—glia cultures compared
with wild-type cultures. HMGBI1 at 400
ng/ml concentration did not show neuro-
toxicity in neuron-enriched cultures (Fig.
7A,B). These data together elucidate that
HMGBI induced chronic neuroinflam-
mation and caused progressive neurode-
generation, which may be mediated by its
interaction with Macl. The findings that
deletion of microglial Macl greatly pro-
moted the survival of DA neurons after
the cultures were treated for 7 d with LPS
and rotenone (Fig. 7C,D) or with MPP *
(Hu et al.,, 2008) revealed an important
role of Macl in chronic neuroinflamma-
tion and neurodegeneration.

Next, we seek direct evidence of inter-
actions between HMGB1 and Macl. Mi-
croglia, prepared from rats and Macl /"~
and wild-type mice were treated with
vehicle or 500 ng/ml HMGBI at 4°C for
2 h or 37°C for 15 min. Coimmunopre-
cipitation experiments indicated that the anti-HMGBI antibody
coprecipitated Macl in HMGB1-treated wild-type microglia but
not Macl~’~ microglia. Here, the same immunoprecipitation
samples were blotted and probed with anti-Macl antibody,
stripped, and then reprobed with an antibody against HMGBI.
Conversely, anti-Macl antibody coprecipitated HMGBI in
Macl™" microglia but not Macl ~'~ microglia (Fig. 8 A). In con-
trast, the immunoprecipitation using an IgG isotype control an-
tibody was negative for both HMGB1 and Macl (data not
shown). The binding analysis of microglial membrane fractions
with purified recombinant HMGBI protein (1 wg/ml) at 4°C for
3 h was used to further validate the physical interaction between
HMGBI1 and Macl (Fig. 8 B). After the binding incubation and
extensive washes by high-speed sedimentation, membrane frac-
tions were solubilized in sample buffer. The following immuno-
blotting revealed that more HMGBI bound to Macl™™"
microglial membranes than bound to Macl '~ microglial mem-
branes. When both membrane fractions were incubated with ve-
hicle, no HMGBI1 was detected, indicating the specificity of this
binding analysis. The binding results further implicate Macl as a
potential receptor for HMGB1 on microglia.

50 um

1 mMAC1+*
Il MAC1+ *

0 400
HMGB1 (ng/ml)

The binding of HMGB1 to Macl activated microglial nuclear
factor-kB pathway

As mentioned above, extracellular HMGB1 can bind RAGE,
TLR2, and TLR4 and signal via the nuclear factor-«B (NF-«B)
pathway. We first evaluated the involvement of NF-«B path-
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way in Macl-mediated cytokine-like ef-
fects of HMGBI1. The activation of NF-«kB
is tightly regulated by the IkB kinase

1 control

Il 400 ng/ml HMGB1
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tory subunit, IKKy. In response to in- & ' “S=1°° . S
flammatory stimuli, IkBs are rapidly g 80 Q 804, e 850
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graded by the proteasome pathway. Loss 5 4 £ . 5 40/
of I«kB allows the release and the nuclear é_ 20 | = 407 é 20 |
translocation of p50/p65 NF-kB dimers, £ ol g- 20 - £ i
regulating the expression of target genes Mac1”* Mact* Maci** Mact* ™ || Neurons: WT  WT
(Zhangand Ghosh, 2001; Hoffmann et al,, NG N Mac1**  Mac1”  Microglia: Mac1** Mac1™*
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HMGB] for 15 or 30 min, IKKa/B phos- e ) e
phorylation could be detected in wild- A _ ki
type microglia but not Macl ~/~ microglia ¢ S8 ' 7 ‘
(Fig. 8C,D). In Macl*’* microglia, IkBa § ’V : A

was phosphorylated and sequentially de- )
graded after HMGBI treatment. Unlike 4
wild-type microglia, Macl-null microglia
did not show much degradation of IkBa.
HMGBI1 treatment caused strong p65
phosphorylation in wild-type microglia.
Lower level of p65 phosphorylation was
also detectable in Macl ~/~ microglia 15
min after HMGBI1 addition (Fig. 8C,D),
which may result from the interaction be-
tween HMGBI1 and TLR2, TLR4, or

RAGE. It is also possible that HMGB1
might activate alternative NF-kB path-
ways, because p50/p65 can be phosphory-
lated by multiple kinases (e.g., protein
kinase A). p65 phosphorylation regulates
activation, nuclear localization, protein—
protein interactions, and transcriptional
activity. Indeed, nuclear translocation of
P65 was observed in rat microglia treated
with HMGBI (Fig. 8 E,F). Difference in

Figure 7.  Chronic DA neurodegeneration was attenuated in the absence of microglial Mac1. Neuron— glia cultures (A, B) and
neuron-enriched cultures (A) prepared from Mac1 +/% or Mac1~/~ mice were treated for 7 d with saline, 400 ng/ml HMGBT, or
vehicle. 4, Attenuation of HMGB1-induced DA neurotoxicity in the absence of microglial Mac1. *p << 0.05 compared with the
corresponding saline-treated control cultures. p < 0.05 compared with the corresponding HMGB1-treated wild-type cultures. B,
Representative images of the neuron—glia cultures immunostained for TH (from 3 experiments) displayed greater lesions of DA
neurons in the presence of microglial Mac1. €, D, Neuron—glia cultures from wild-type (WT) or Mac? ™ mice (C) and reconsti-
tuted cultures in which wild-type neuron-enriched cultures were supplemented with either Mac7™* or Mac1~/~ microglia (D)
were treated with vehicle, 10 ng/ml LPS, or 10 nm rotenone. [ H]DA uptake was determined 7 d later. *p << 0.05 compared with
the corresponding vehicle-treated control cultures. *p << 0.05 compared with the corresponding LPS- or rotenone-treated wild-
type cultures (C) or reconstituted cultures containing wild-type microglia (D). Note that, in the reconstituted cultures, the deletion
of microglial Mac1 rendered DA neurons more resistant to inflammation-mediated neurotoxicity. All quantification results are

NE-«B target gene products (e.g., TNF-a,
IL-1B3,and NO) in Macl /"~ and MacI*’*
microglia after HMGBI1 treatment (Fig. 6 B—D) was consistent
with the differential NF-kB activation in these microglia (Fig.
8C,D). Thus, Macl/HMGBI interaction induced the activation
of microglial NF-«B pathway and mediated neuroinflammation.

HMGBI1-mediated activation of NADPH oxidase

required Macl

Multiple lines of evidence have documented a pivotal role of
overactivated NADPH oxidase in inflammation-mediated neu-
rodegeneration. Furthermore, recent evidence has indicated a
critical participation of Macl in the activation of NADPH oxi-
dase during inflammation (Coxon et al., 1996; Lynch et al., 1999;
Le Cabec et al., 2002; Gao and Hong, 2008). We, therefore, inves-
tigated the involvement of NADPH oxidase and its upstream
signaling pathway in HMGB1-mediated chronic microglial acti-
vation. The results showed that the treatment of primary micro-
glia cultures with 500 ng/ml HMGBI resulted in membrane
translocation of p47P"°%, a cytosolic subunit of NADPH oxidase.
The deficiency in Macl prevented such translocation (Fig. 9A, B).
In addition, during stimulation with HMGBI1, only wild-type
microglia, but not Macl ™/~ or gp91”"**~/~ microglia, released

means == SEM of three to four experiments performed in triplicate. NG, Neuron— glia cultures; N, neuron-enriched cultures.

extracellular superoxide; cotreatment of these microglial cells
with DPI and apocynin prevented the superoxide release (Fig.
9C). These findings indicated that Macl was required for
HMGBI1-mediated activation of NADPH oxidase. The resis-
tance of neuron—glia cultures deficient in NADPH oxidase
(gp91#"*~/~) to HMGBI-mediated neurotoxicity (Fig. 9D)
further emphasized the important role of NADPH oxidase in
chronic neuroinflammation and neurodegeneration. In sum-
mary, our findings demonstrated that HMGB1/Macl interac-
tion induced the activation of microglial NF-«B pathway and
NADPH oxidase enzyme, thereby mediated persistent neu-
roinflammation and progressive neurodegeneration.

Discussion

The present study demonstrates that an uncontrolled, prolonged
inflammatory process may be a driving force for the progressive
degeneration of DA neurons in PD. Microglia were indispensable
for the chronic DA neurodegeneration induced by neurotoxins
(MPP * and rotenone) or inflammogen LPS. Through a vicious
cycle formed between injured neurons and unregulated neuroin-
flammation, the neurodegeneration continued to progress even
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Figure8. Interactions between HMGB1 and Mac1. 4, Primary microglia from rat, Mac7 /™ mice, or wild-type mice were treated with vehicle or 500 ng/ml HMGB1 at 4°C for 2 h or 37°C for 15

min. Cell lysates were collected in TNE buffer and then immunoprecipitated with antibodies against HMGB1 or Mac1. Separated immunoprecipitates were immunoblotted and probed for Mac1 and,
after stripping the membrane, for HMGB1 or vice versa. Anti-HMGB1 antibody coimmunoprecipitated Mac1 in wild-type microglia treated with HMGB1, whereas anti-Mac1 antibody coimmuno-

precipitated HMGB1. IP, Inmunoprecipitation. B, Crude membrane fractions from Mac ™ or Mac

7+

microglia were incubated with T g/ml HMGB1 or vehicle at 4°C for 3 h. The Western

blotting indicated more HMGB1 bound to Mac? */* microglial membranes than bound to Mac7~”~ microglial membranes. , Primary microglia from Mac7 "~ or wild-type mice were treated
with vehicle or 500 ng/ml HMGB1 at 37°Cfor 15 or 30 min. Whole-cell lysates were extracted in RIPA buffer. The activation of NF-«B pathway, as shown by phosphorylation of IKKt/ 3, degradation
of 1B, and phosphorylation of p65, was observed in HMGB1-treated wild-type microglia, but such activation was blunted in HMGB1-treated Mac? "~ microglia. D, The ratios of densitometry
values of examined proteins in C were normalized to each responsive control. *p << 0.05 compared with the corresponding vehicle-treated controls. E, F, Nuclear translocation of p65 was observed
in rat microglia treated with HMGB1 (500 ng/ml) for 15—-30 min. GAPDH, Glyceraldehyde-3-phosphate dehydrogenase. All panels are representative of two to three independent experiments.

after the initial toxic triggers (LPS and MPP *) were withdrawn.
Sustained release of reactive free radicals from activated micro-
glia and HMGBI from dying/dead neurons and activated micro-
glia was critical for the formation and the maintenance of this
vicious cycle. Additional mechanistic studies indicate that inter-
actions between HMGB1 and microglial Mac1 bridged persistent
neuroinflammation and progressive dopaminergic neurodegen-
eration. This study pinpoints major mediators linking persistent
inflammation and chronic dopaminergic neurodegeneration,
which may facilitate our understanding of the mechanism of the
progressive nature of PD.

The involvement of neuroinflammation in PD and other neu-
rodegenerative diseases has long been recognized (Kreutzberg,
1996). The pioneer work of Dr. McGeer and his colleagues reveals
reactive microglia in the SN of Parkinson’s and Alzheimer’s dis-
ease brains (McGeer et al., 1988). Since then, numerous studies
have reported elevated levels of inflammatory mediators in the
brain of various neurodegenerative diseases (Yamada et al., 1992;
Mogi et al., 1994; Liu et al., 2003). Nevertheless, these observa-
tions left the question open whether the observed neuroinflam-
mation is beneficial, detrimental, or inconsequential to neuronal
loss. Recently, neuroinflammation is increasingly accepted as a
double-edged sword (Nguyen et al., 2002; Wyss-Coray and
Mucke, 2002). Microglia can remove toxic proteins (e.g., amyloid

plaques), clear cell debris, secret neurotrophic factors, and pre-
vent neurodegeneration (Schwartz, 2002; Simard et al., 2006).
Conversely, ample evidence points to detrimental roles of neu-
roinflammation in neurodegenerative diseases (Liberatore et al.,
1999; Du et al., 2001; Gayle et al., 2002; Glass et al., 2010; Przed-
borski, 2010).

Here, we provided direct experimental evidence implicating
persistent microglial activation as the major driving cause of pro-
gressive neurodegeneration in PD. This conclusion is supported
by the following experimental findings: first, dopaminergic neu-
rodegeneration progressed markedly over time in neuron—glia
cultures treated with MPP ¥, rotenone, or LPS but not in neuron-
enriched cultures treated with the same toxins (Fig. 1 A); second,
withdrawal of activated microglia and released inflammatory me-
diators prevented DA neurons from LPS-induced progressive de-
generation (Fig. 1B); third, the continued presence of initial
triggers (e.g., LPS and MPP ™) was not required for persistent
microglial activation and progressive neurodegeneration (Fig. 2);
fourth, continuing release of superoxide and NO from activated
microglia in neuron—glia cultures treated with LPS (Fig. 3) or
MPTP/MPP * (Gao et al., 2003a) as well as prolonged upregula-
tion of inflammatory enzymes (NADPH oxidase and iNOS) in
LPS-treated neuron—glia cultures (Fig. 3) pointed to a critical
role of inflammation-elicited oxidative insults in chronic neuro-
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Figure 9. HMGB1 activated the Mac1-NADPH oxidase signaling axis leading to microglial
activation. A, Mac1 was required for /MGB1-mediated p47 P™*translocation to cell membrane.
Primary microglia-enriched cultures prepared from Mac? ™/~ mice or wild-type mice were
treated with vehicle or 500 ng/mI HMGB1 at 37°Cfor 15 min. Subcellular fractions were isolated
to perform Western blotting analysis for p47 P"* levels in membrane and cytosolic fractions of
microglia. Glyceraldehyde-3-phosphate dehydrogenase (GADPH) and gp91P"™ were used as
internal control of cytosolic and membrane fractions, respectively. B, The ratio of densitometry
values of cytosolic p47 P"™ to GADPH and membrane p47 " to gp91P" from two indepen-
dent experiments was normalized to each respective vehicle-treated control. C, Primary micro-
glia from Mac1~/~, gp97”"*~/~  or wild-type (WT) mice were treated with vehicle or 500
ng/ml HMGB1 at 37°C for 15 min. The production of extracellular superoxide was detected by
SOD-inhibitable reduction of WST-1. The production of extracellular superoxide was detected
only in HMGB1-treated wild-type microglia and was inhibited by the cotreatment of the cul-
tures with DPI and apocynin; microglia with deficiency in Mac1 or gp91P"* did not cause
detectable superoxide release after HMGB1 treatment. D, Primary neuron—glia cultures from
gp971P"™ =/~ or wild-type mice were stimulated with 400 ng/ml HMGB1. Seven days later, the
neurotoxicity was evaluated by [ *H]DA uptake assay. Results were expressed as a percentage of
the vehicle-treated control cultures and were the mean = SEM from three to four independent
experiments. *p << 0.05 compared with respective vehicle-treated control cultures. *p < 0.05
compared with HMGB1-treated wild-type cultures.

degeneration; fifth, posttreatment with inhibitors against NADPH
oxidase and iNOS significantly attenuated LPS-mediated pro-
gressive neurodegeneration (Fig. 3); finally, microglial activation
induced by chronic infusion of LPS into the SN or by a single
systemic LPS injection mediated delayed and progressive degen-
eration of nigral DA neurons in rodents (Gao et al., 2002b; Ling et
al., 2006; Qin et al., 2007). Together, these results lend strong
credence to the concept that uncontrolled microglial activation,
either as an initiator or as a secondary contributor, could drive a
chronic, progressive neurodegenerative process.

The positive feedback between activated microglia and dam-
aged neurons is crucial for both chronic neuroinflammation and
progressive neurodegeneration. Acute insults to the CNS such as
environmental neurotoxins can directly trigger immediate neu-
ronal lesions. Injured neurons activate microglia through gener-
ating a spectrum of noxious endogenous substances in the
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extracellular milieu. Once activated, microglia secret various in-
flammatory and neurotoxic factors (e.g., cytokines, reactive free
radicals, and proteases) and exacerbate ongoing neurodegenera-
tion (Kreutzberg, 1996; Liu et al., 2003; Block et al., 2007). Thus,
no matter which comes first, neurodegeneration and neuroin-
flammation, once reaching a certain threshold, propagate to form
a vicious cycle (Gao and Hong, 2008). This cycle not only further
augments the ongoing pathology but also makes neurodegenera-
tion become a chronic, progressive process. Therefore, it is the
activation of microglia that enables an initial acute neuronal
injury to transform into chronic and progressive neurodegenera-
tion. Chronic neuroinflammation and progressive neurodegen-
eration may become integrated and inseparable in mediating
chronic PD progression.

DAMPs (e.g., ATP, heat-shock proteins, S100 proteins, and
HMGB1) naturally are nuclear or cytosolic molecules with de-
fined intracellular function. When released extracellularly,
DAMPs can activate microglia. HMGBI is reported to link acute
neuron necrosis and delayed neuroinflammation in ischemic
brain damage (Kim et al., 2006; Muhammad et al., 2008). Addi-
tionally, diffuse deposits of HMGBI1 are found around dying neu-
rons in rat models of Alzheimer’s disease (Takata et al., 2004). In
the present study, we found that HMGBI1 not only stimulated
microglia to release inflammatory factors, including TNFa, IL-
1B, and NO (Fig. 6), but also caused chronic dopaminergic neu-
rodegeneration in the presence of microglia (Fig. 5C,D). More
importantly, the long-term release of HMGBI1 in neuron—glia
cultures treated with MPP */LPS/rotenone but not in LPS-
treated mixed-glia cultures, along with the neuroprotective effect
of the neutralization of HMGB1 (Fig. 5), suggests that HMGB1
from degenerating neurons may be an important mediator link-
ing sustained neuroinflammation to progressive dopaminergic
neurodegeneration in PD.

The involvement of multiple separate receptors (e.g., TLR2,
TLR4, and RAGE) in HMGB1-mediated cellular and biological
responses has been well described (Scaffidi et al., 2002; Lotze and
Tracey, 2005). Interestingly, although recent findings bring more
attention to the HMGB1-TLR4 pathway (Maroso et al., 2010;
Mittal et al., 2010), HMGB1 has also been reported to cause le-
thality in TLR4-defective C3H/HeJ mice, which points to a
TLR4-independent pathway for HMGB1 (Sims et al., 2010).
There is a great deal of interest in defining novel receptors and
binding partners for HMGB1 and in elucidating the signal trans-
duction mechanisms underlying the HMGB1 receptor-ligand in-
teractions. Here, we identified microglial Macl as a receptor of
HMGBI. Macl (also known as complement receptor 3, CD11b/
CD18, or a,,3,) is an adhesion molecule and also functions as a
PRR (Wright and Jong, 1986; Ross and Vétvicka, 1993; Ross,
2000; Pei et al., 2007; Zhang et al., 2007). PRRs including Macl
expressed broadly on microglia can react to DAMPs and other
aberrant endogenous ligands in neuronal tissues (Floden et al.,
2005; Block and Hong, 2007). In the brain, Macl is involved in
microglial adhesion, chemotaxis, phagocytosis, and activation
(Mayadas and Cullere, 2005). The expression of Macl is elevated
in PD brains (Liberatore et al., 1999). Mac1 deficiency in micro-
glia greatly attenuated chronic impairment of DA neurons in-
duced by LPS, rotenone (Fig. 7), or MPTP (Hu et al., 2008).
Because neither MPTP nor MPP * can directly activate microglia
(Gao et al., 2003a), Macl seems to be a target for some of the
noxious endogenous compounds generated after neuronal inju-
ries. In support of this notion, Macl was found to be required for
the microglia-mediated enhanced neurotoxicity induced by
a-synuclein in neuron—glia cultures (Zhang et al., 2007).
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a-Synuclein is predominantly an intracellular neuronal protein,
but it has also been recovered from human blood and CSF (El-
Agnafetal., 2003; Hong et al., 2010). Similarly, B-amyloid (325-
35) has been reported to bind to Mac1 and to mediate microglial
release of NO (Goodwin et al., 1997).

We demonstrated in the present study that HMGBI interacted
with microglial Macl and this interaction mediated persistent neu-
roinflammation and consequent progressive neurodegeneration.
Specifically, the coimmunoprecipitation and the binding analysis
revealed the physical interaction between HMGB1 and Macl
(Fig. 8 A, B). Consistent with this physical interaction, functional
assays indicated that the binding of HMGB1 to microglial Macl
activated microglia NF-«kB pathway and NADPH oxidase. The
activation of both NF-kB and NADPH oxidase was blunted in
Macl ™/~ microglia (Figs. 8C-F, 9A-C). As a result, Macl "/~
microglia released less inflammatory factors and superoxide dur-
ing HMGBI stimulation and the deficiency of microglial Macl
and NADPH oxidase attenuated HMGB1-mediated neurode-
generation (Figs. 6 B-D, 7, 9). The HMGB1 was able to induce
membrane translocation of p47 P"** in microglia, which required
the presence of Macl1 (Fig. 9A). Thus, the coupling between Macl
and NADPH oxidase might be an important mechanism by
which HMGB1 mediated chronic microglial activation and in-
duced progressive neurodegeneration.

The deleterious effects of excessive microglial activation are
not limited to PD. More recent evidence suggests that an inflam-
matory mechanism is commonly shared by a large group of neu-
rodegenerative disorders (McGeer and McGeer, 2003; Gao and
Hong, 2008; Glass et al., 2010). For instance, the progression,
rather than the onset, of amyotrophic lateral sclerosis (a progres-
sive paralytic neurodegenerative disorder) is affected by the ex-
pression of mutant superoxide dismutase in microglia (Boillée et
al., 2006). With awareness of a driving role of overactivation of
microglia in neurodegenerative diseases, pharmacological target-
ing of secondary neurodegeneration mediated by uncontrolled
microglial activation could be of therapeutic value for slowing
down the disease progression. In conclusion, our data together
provide direct experimental evidence indicating that uncon-
trolled, prolonged inflammation may be a driving force of pro-
gressive dopaminergic neurodegeneration in PD. Interactions
between HMGBI1 (derived from degenerating neurons and acti-
vated microglia) and microglial Mac1 sustained chronic inflam-
mation and mediated chronic dopaminergic neurodegeneration.
Macl might become a promising target for the development of
therapeutic agents halting the vicious cycle between uncontrolled
neuroinflammation and degenerating neurons and thereby re-
tarding the progression of PD.
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